Improving spectral acquisition rate of mid-infrared spectroscopy promises further advancements of molecular science and technology. We demonstrate a continuous single-pulse broadband mid-infrared spectrometer running at 80 MSpectra/s by implementing time-stretch spectroscopy technique in the mid-infrared region.
cascade combs or microresonator combs, which are operated at acquisition rates of ~MSpectra/s [2, 3] .
A single-pulse broadband spectroscopy technique called time-stretch spectroscopy (also known as dispersive Fouriertransform spectroscopy), operated at a rate of tens of MSpectra/s with a femtosecond mode-locked laser [4] , is a good candidate for breaking the limit, but it has never been demonstrated in the MIR region. To demonstrate MIR timestretch spectroscopy, there are three components which must be prepared: (1) a high repetition rate MIR femtosecond laser source running at tens of MHz, (2) a low loss time-stretch dispersive optics in the MIR, and (3) a fast MIR photodetector at a bandwidth of several GHz. Especially, the last two components are technically demanding. For example, an optical fiber, which is usually used as a time-stretcher, is too lossy in the MIR (~100-1000 dB/km), and bandwidths of commercially available fast MIR photodetectors are too low (~100 MHz-1 GHz).
In this work, we demonstrate time-stretch infrared spectroscopy (TS-IR) spanning over 4.4-4.9 μm running at the fastest acquisition rate of 80 MSamples/s, 1-2 orders higher than the previous record. In our system, we use (1) a synchronously-pumped femtosecond optical parametric oscillator (fs-OPO) as a MIR light source, (2) a pulse-stretching technique termed free-space angular-chirp-enhanced delay (FACED) [5] , and (3) a quantum cascade detector (QCD) with a -3-dB bandwidth of 5 GHz [6] . A schematic of our TS-IR spectrometer is shown in Fig. 1 . Our light source is a home-made PPLN:MgO fs-OPO pumped with a Ti:Sapphire mode-locked laser running at a repetition rate of 80 MHz. The OPO cavity is designed for resonating the signal pulses. Wavelength of the MIR idler pulses can be tuned from 2.1 to 5.1 μm by changing the OPO cavity length, the PPLN grating period and/or the pump wavelength. In this work, we set the center wavelength of the idler pulses at 4.6 μm. An average power of the MIR pulses is 70 mW. The pulse stretching is made by FACED system, which consists of a diffraction grating (219 grooves/mm, Richardson Grating), a pair of concave mirrors (f=100, and 200 mm) and a pair of flat mirrors with a separation distance of d (mm) and an angle of α (degree).
All the above optics are coated with gold. In FACED system, wavelength dependent incident angle of the beam into the flat mirror pair is translated into the chromatic optical path length delay (linear chirp), leading to the pulse stretch from ~100 fs to ~10 ns along with the wavelength-time conversion. The output pulse consists of sub-pulses due to a discrete condition of back reflection at the flat mirror pair. The power throughput of the FACED system is ~9%. This high throughput is especially important in the case of MIR pulse stretching because a conventional technique using a single-mode fiber suffers from significantly large optical loss. The stretched pulses with the average power of 6.3 mW are picked out with a beamsplitter and focused onto a photodetector. We use an uncooled QCD with a -3-dB cutoff frequency of 5 GHz (20 GHz for -20 dB) made by Hamamatsu Photonics K.K. as a fast MIR photodetector.
The detector has sensitivity from 3.3 to 6.0 μm. The QCD signal is amplified by 20 dB with a microwave amplifier with a bandwidth of 0.01-26.5 GHz (Hewlett Packard) and digitized at a sampling rate of 80 GS/s by a high-speed oscilloscope with a bandwidth of 16 GHz (Teledyne LeCroy). To characterize the system, we first measure the stretched pulse waveform under several conditions of a pair of flat mirrors in our FACED system (Fig. 2) . We confirm that change in temporal interval between the adjacent sub-pulses (Δt) depends on the distance between the mirrors (d), which agrees well to the theoretical relation (Δt~2d/c, where c is the speed of light) [5] . We also confirm change in number of sub-pulses (spectral components) (N) depends on the angle of the mirrors (α) (N~θ/α, where θ is a constant value determined by a FACED geometry). In the following experiment, we align the mirror pairs to fulfill the condition, Δt =0.26 ns and N=30. To demonstrate spectroscopic capability of TS-IR, we first measure notch-filtered spectra by putting a sharp 0.3-mm beam block at the Fourier plane in the FACED system ( Fig. 3(a) ). We confirm that a dip in the waveform shifts by 13 nm in wavelength by shifting the position of the beam block by 0.5 mm in the Fourier plane, which agrees well to the theoretical estimation. Finally, we measure absorption spectrum of liquid phenylacetylene. The repetitive broadband time-stretched spectra are clearly observed every 12.5 ns (repetition rate of 80 MHz) as shown in Fig.   3 (b). The magnified single spectrum ( Fig. 3(c) ) shows an absorption line characteristic to the C-C triple-bond of the molecules, which agrees well to the reference spectrum measured by a conventional Fourier-transform infrared (FT-IR) spectrometer ( Fig. 3(d) ). The spectral resolution is 15 nm, which is determined by spectral gap between the adjacent spectral elements, while SNR of the spectrum is 75. Since the spectral resolution and/or bandwidth are limited by the detector bandwidth (5 GHz in our case), using faster detector can improve them without sacrificing the measurement speed. Also, using a laser with a higher repetition rate will increase the spectral acquisition rate. Our ultra-rapid and broadband MIR spectrometer could be used for measuring, for example, sub-microsecond dynamics of conformation change of protein, and large number of single cells at high-throughput in flow-cytometry.
